SUMMARY, New analyses are given of granites from 23 intrusions in Scotland, Ireland, and the Isle of Man. Together with existing analyses, these were used to measure the regional variation in composition of Caledonian granites by means of trend surface analysis. An explanation of the variation is presented that involves the production of magma by melting in the crust, at a depth determined by the geothermal gradient.
Corvock. The analysed specimen is a grey, medium-grained biotite-granite typical of this small intrusion, which has been described briefly by Stanton (196o) .
Crossdoney. This is a highly contaminated intrusion containing granodiorites grading into quartz-diorites (Skiba, I952 ). Several partial analyses were made of different samples from the relatively less contaminated southern part of the intrusion, and the complete analysis in table II is of the most acid of these, a fine-grained, hornblende-biotite-granodiorite. It has not been used in the trend surface analysis because it has a normative sum (Q+Or+Ab) < 80 %.
Dreenan. The Dreenan granite is one of several granite intrusions that together with basic plutonic and volcanic rocks make up the poorly exposed 'Tyrone Igneous Series'. The granites in this area are believed to be of Caledonian age because of the presence of large inclusions of Ordovician volcanic rocks (Cobbing et al., I965) . Petrographic examination shows no definite evidence of metamorphism, and the textural features of the Dreenan and Pomeroy granites can be matched among other Caledonian 'newer granites', although all the rocks in this area are severely weathered. The analysed sample of the Dreenan granite is a medium-grained, pink biotite-granite that shows extensive chloritization of biotite and sericitization of plagioclase.
Leinster. The Leinster batholith is the largest mass of granite in the British Isles and was the first to receive detailed geochemical and mineralogical investigation (Haughton, 1856) . It consists of several intrusive complexes, which are difficult to distinguish from one another because of the extremely poor exposure. Brindley (197o) has distinguished three main masses. The northern unit is represented by specimens 7 and 8 in table II, both of which are typical coarse muscovite-biotite-granites. The northern unit is probably separated by a band of country rock from the central mass, the Tullow Lowlands granite, represented by specimen 13 in table II, a white medium-grained muscovite-granite. The southern mass is the Blackstairs Mountain granite and is of variable composition; the analysed specimen (no. I in table II) is a biotite-muscovitegranite. Several outlying bodies of granite are shown on Geological Survey maps in addition to the three main units, and specimen no. 5 in table II is a medium-grained muscovite-biotite-granite from the Curraghmore intrusion at the south-western end of the batholith. Most of the smaller outlying bodies consist of quartz-porphyry or felsite and are not true granites.
Main Donegal granite. No modern analyses of the Main Donegal granite have yet been published. This intrusion is very heterogeneous (Pitcher et al., I958) , but the analysed specimens (nos. 9 and io in table II) represent common granite types of the south-western part of the intrusion. They are both fine-grained biotite granodiorites, and no. IO is banded.
Pomeroy. The Pomeroy granite is one of the larger granite bodies of the 'Tyrone Igneous Series', and the comments on the Dreenan granite also apply to this intrusion. The analysed sample is a coarse, red biotite-granite, in which the biotite is severely chloritized.
Roundstone. The Roundstone granite is one of the small intrusions west of the Galway batholith. It is a fine-grained grey granodiorite, of which the analysed specimen is a typical example. An analysis of the granite from another locality has recently been 
Trend surface analysis
Trend surface analysis was used to measure the regional variation in composition, as described by Hall (I969b). A more rigorous sampling plan has been adopted, the details of which are given in Hall (1971) . The main features are that the target population was limited to unmetamorphosed intrusive granites representing substantial bodies of magma, and with normative compositions showing Q+Or+Ab >/8o %. The sample consisted of all analyses of Caledonian granites published since 192o, analyses of each intrusion being averaged. et al. (1965) .
T A B L E I I I. Geographical parameters and compositions of
The data used for the trend surface analysis are given in table III; this list includes the new analyses given in this paper and new analyses published elsewhere (Bradshaw et al., 1969; Marston, 197I ; Parslow, 1968) , together with the existing data revised in accordance with the modified sampling scheme. The number of intrusions represented by the data has been raised from 4o to 63, and nearly all the large Caledonian intrusions containing rocks of appropriate composition are now included. The modifications to the data used previously (Hall, I969b) are as follows: the Ardara, GlenelgRatagain, Gola, and Shap granites are now represented by the average of all analyses with >~ 80 % Q + Or+Ab, not just the analyses with the highest total (Q 4-Or +Ab); previously overlooked analyses of the Eskdale, Glen Loy, and Portencorkie granites have been included; the analysis of the Leinster granite quoted by Charlesworth (I963) has been omitted in favour of the new analyses given here because it is not clear from the stated locality which of the units of the Leinster batholith it represents; analyses have been omitted of a dyke-rock from Strontian and a granite with < 8o ~o Q+Or+Ab from Letterfrack; the Maryculter granite has been omitted because it is now believed to be one of the 'Older Granites' (i.e. metamorphosed or non-intrusive or both); the Ballater and Coull granites are now grouped as the 'Cromar granite' because there is no evidence that they form separate intrusions; an analysis previously described incorrectly as belonging to the Glen Gairn granite has been relabelled as 'Lochnagar granite' and the Blacksod granite is now described as the 'Termon Hill granite', to conform to the recent usage of the Irish Geological Survey. The geographical parameters quoted in the table (E and N) are based on the I00 km squares of the National Grid, allowance having been made for movement of major postCaledonian faults. The normative constituents, Q, Or, and Ab have been recalculated to total IOO %.
Trend surfaces of up to the sixth order were calculated for each of the recalculated normative constituents Q, Or, and Ab, and the significance of the calculated surfaces The high confidence levels associated with the first order trend surfaces confirm the existence of a regional variation in the content of each normative constituent. The significance of higher order trend surfaces is less firmly established. Because of the unavoidably uneven distribution of sampling points, and the possibility of uneven variance of the compositional variables over the area studied, analysis of variance is not a completely satisfactory method of assessing the significance of the trends. The regressions appear to contain significant components of up to 2nd order for Q, 4th order for Or, and 3rd order for Ab, but the corresponding surfaces (shown in figs. I to 3), may include both genuine detail in areas of good sample coverage and spurious detail elsewhere. If more was known about the origin of the regional variation it might be possible to predict whether variation was to be expected on a small scale, best represented by a high-order surface with much local flexure, or on a large scale, best represented by a low-order surface showing broad undulations, but this knowledge is lacking. The second-order quartz surface is shown in fig. I . The Q contents are highest along a NE.-SW. ridge from SW. Ireland to the east of Scotland, and fall away to the northwest and to the south-east. The fall to the north-west is apparent from the individual Q values, but the fall to the south-east is based on a rather small number of sampling points.
T A B L E I V. Analysis of variance for trend components of successive orders
The fourth-order orthoclase surface is shown in fig. 2 . As a higher order surface, it shows more convolutions than the quartz surface in fig. I . The mean Or content of Caledonian granites is 29"4 %, and the surface is lower than this in the north of Scotland and over much of Ireland. High values are concentrated in NE. Scotland, northern England, and SE. Ireland.
The third-order albite surface is shown in fig. 3 -This surface is simpler in form than the other two, and indicates a progressive decrease in Ab content towards the south-east in general and towards the east in Scotland. The third order Ab surface calculated previously (Hall, ~969b) showed bilateral symmetry in the Ab distribution in Ireland, but this symmetry is not confirmed by the newly calculated surface, which is based on a much larger number of samples in this region.
Interpretation of the regional variation in composition
The explanation advanced by Hall (I969 a, b) for the regional variation was that the magma compositions represented the products of magma development under different pressures of water. The compositions of the granites studied are shown in fig. 4 in  FIG. 3 . Third order trend surface for normative albite relation to the system Q-Or-Ab-H20. in Caledonian granites. Actual normative albite con-Liquid compositions during fractional tents are indicated at the localities of the individual intrusions, crystallization or partial melting at relatively low pressures lie along the cotectic line in this system, and increasing water pressure is reflected by decreasing Q in the melt. At higher water-pressures the minimum in the system has the character of a eutectic point (Tuttle and Bowen, I958; Luth, Jahns, and Tuttle, 1964), and residual or initial liquid compositions lie close to this point, which moves towards Ab with increasing water pressure. On this basis, granites formed under the highest water pressures would be rich in Ab and low in Q, while those formed under the lowest water pressures would be rich in Q but not necessarily low in Ab.
A comparison of the over-all compositional range of Caledonian granites with those of Variscan granites in western and central Europe has shown that the latter fall near liquidus minima in the system Q-Or-Ab-H20 for relatively lower water-pressures (Hall, 1971) . This relationship may be correlated with generally higher geothermal gradients in the Variscan orogenic belt deduced from metamorphic facies series, and the author has inferred from this that the granites in the two orogenic belts originated by melting at depths (and consequently at water pressures) determined by the geothermal gradient.
It may be possible to interpret the regional variation in composition of Caledonian granites along similar lines. Compositions rich in normative Q are shown by the granites of the east of Scotland and the south and west of Ireland ( fig. 1) , and correspond to those of melts formed under low water pressures such as would be produced by melting in a high geothermal gradient (Hall, I971). High geothermal gradients relative to the rest of the Caledonides are in fact indicated by low-pressure regional metamorphic mineral assemblages in the east of Scotland (Read, 1952; Miyashiro, I96I) , and probably also in the west of Ireland (Leake, 197o, p. 225) ; further south in Ireland the grade of regional metamorphism is too low to give any indication of the geothermal gradient. FIo. 41 The compositions of Caledonian granites in relation to the system Q-Or-Ab-H~O. Minima in this system are shown for water pressures of o'5 and io kb (after Tuttle and Bowen I958; Luth, Jahns, and Tuttle, 1964) .
Magma formation in relation to the geothermal gradient
Some implications of the above hypothesis may now be examined. An uneven distribution of radioactive heat-producing elements in the crust is an obvious cause of regional variations in the geothermal gradient. A correlation between present-day heat flow and radioactive heat production has been observed in other orogenic regions (Birch et al., 1968; Lachenbruch, 1968; Roy et al., 1968) , although little is known about the distribution of heat-producing elements in the British Caledonides. However, a high geothermal gradient due to radioactive heat production cannot by itself be sufficient to give rise to granitic magma by crustal melting, since granite formation is restricted to the limited period of an orogenic episode. An episode of melting can 0nly be brought about by a temporary increase in the geothermal gradient.
Stratigraphical and other geological studies have shown that the Caledonian orogenic belt is an elongated region that~ underwent a gong period of sedimentation followed by deformation, uplift, and erosion. Fluctuations in the geothermal gr~idient at any particular location are a normal result of such a Cycle. Rapid deposition of sediment at near-surface temperatures depresses the level of isotherms, which restore themselves to their original position relatively slowly compared with the rate of sedimentation. Uplift and removal by erosion of cold material from the top of the crust bring up the isotherms to a higher-than-normal level, and restoration of the original thermal equilibrium is again slower than the process of uplift and erosion. The whole cycle of geosynclinal and orogenic development involves changes in geothermal gradient in the crust from normal to lower-than-normal to normal to higherthan-normal to normal, as shown in fig. 5 .
The effects of these changes on melting relationships in the crust are shown in fig. 6 . The actual composition of the material at the depth of potential melting is not very well known. The continental crust is conventionally divided into an upper 'granitic' layer (with overlying sediments), and a lower 'basaltic' layer (Gutenberg, 1955 (Gutenberg, , 1959 Pakiser and Robinson, !966; Belousov, 1966) . The upper 'granitic" layer is believed to consist of rock types similar to those exposed in the basement complexes of stable continental regions, i.e. a mixture of granites and metamorphic rock types, most of which could give rise to granitic magma on melting (Winkler, 1967) . The nature of the lower 'basaltic' layer, and the extent of the discontinuity between the layers, are more uncertain. A basaltic composition has been questioned by many geophysicists (James and Steinhart, 1966) , and the mineralogical composition of this layer is probably not basaltic even if its composition is (Ringwood and Green, 1966a) . The most probable constituents of the 'basaltic' layer are considered by Ringwood and Green (1966b) to be either felsic rocks of anhydrous mineralogy (acid and intermediate rocks in the eclogite facies of metamorphism), or mafic rocks of hydrous mineralogy (amphibolites). Neither of these alternatives is a suitable source of granitic magma on melting, the former because too high a temperature would be required, and the latter because the composition is wrong. Some constituents of the 'basaltic' layer may in fact be melting residues from previous orogenic episodes. The upper 'granitic' layer of the crust is therefore the most probable source of granitic magma if the latter originates in the crust, and an origin at this level is consistent with the observed petrological relationships of many individual granite complexes (Hall, 1966a; Bateman and Eaton, 1967) . The detailed crustal structure of the actual Caledonian region is not yet certain. The 'basaltic' crust is rather thin in the southern part of the area (Blundell and Parks, 1969; Collette et al., I97o) , but may be thicker in the northern part (Agger and Carpenter, 1965, Jacob, ~969) . In fig. 6 the upper 'granitic' crust and overlying sediments are shown as having an initial thickness of 23 km, which is the mean value of those reported by Kosminskaya et al. (I969) for I I different tectonic regions of the continental U.S.S.R. After geosynclinal sedimentation the thickness of this layer in an orogenic belt would be much greater, and a value of 35 km is arbitrarily indicated in fig. 6B .
In crust of normal thickness, under a realistic geothermal gradient of 3o ~ no melting is likely to occur in the 'granitic' crust ( fig. 6A ). Melting is also unlikely to occur during the period of sedimentation, because although the crustal thickness is increased, the geothermal gradient is lowered ( fig. 6B ). It may be noted that if sedimentation were infinitely more rapid than heat conduction, the temperature-depth curve would be displaced to the right in fig. 6 by an amount corresponding to the increase in crustal thickness, whereas if conduction were infinitely more rapid than sedimentation, the temperature-depth curve would not be displaced at all (neglecting differences in thermal conductivity of the rocks involved). The curvature of 1200.
the temperature-depth curve in fig. 6B T(C *) represents an arbitrary compromise, 8~176 since the relative rates of sedimentation and conduction are unknown. As ,00 sedimentation ceases, the geothermal gradient starts to return to normal, and during subsequent uplift and erosion the conditions for melting become most favourable. The geothermal gradient increases to an above-average value, particularly if erosion is rapid, while the crustal thickness is reduced to approach its original value ( fig. 6c ). In practice, the crustal thickness is probably rather high for some time after an orogenic episode, and conditions for melting would be even more .... favourable than those shown in fig. 6c . Eventually, the geothermal gradient .... returns to normal ( fig. 6D ) and magma production ceases. This sequence of .... changes is probably the explanation of the relatively late formation of 8 granitic intrusions during the structural development of the orogenic belt.
There are thus two reasons why different parts of an orogenic belt should have developed under different geothermal gradients and hence contain granites of different composition. One is regional variation in the content of radioactive elements in the crust throughout the period of orogeny. The other is differential rates of uplift and erosion in the later stages of the orogeny. In areas of high radioactive content or most rapid uplift, melting would be most extensive; not only would melting commence at a relatively low Ptot~l, but it would proceed furthest into the shaded region of fig. 6 , where PH,O is less than Ptot~l. Areas of high normative quartz in granites would therefore A. HALL ON correspond either to regions of rapid late-orogenic uplift and erosion or to regions of high crustal radioactivity. Evidence for the former is provided by the pattern of K/At dates in Scotland. Dewey and Pankhurst 097o) suggest that these dates are determined mainly by geothermal gradient and rate of uplift, the accumulation of argon being started by uplift through a critical isotherm for argon retention. Rapid uplift in the eastern Grampians is thus reflected by higher K/Ar ages in this region than in other parts of the Grampian Highlands.
